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Load Dependence of the Single Beat Maximal Pressure
(Stress)/Volume Ratios in Humans
MARK R. STARLING, MD, FACC,* DANIEL G . MONTGOMERY, BS,*
RICHARD A. WALSH, MD, FACC
Ann Arbor, Michigan and San Antonio, Texas
To determine whether the slopes of the single beat maximal
pressure (stress)/volume ratios are sensitive to changes in
loading conditions in humans, 16 patients without cardiac
disease were studied with simultaneous micromanometer-
determined left ventricular pressures and biplane contrast
cineangiograms under control conditions and during
methoxamine and nitroprusside infusions. Left ventricular
volumes were calculated with use of a Simpson's rule
algorithm, wall thickness was obtained iteratively, and
both midwall circumferential and meridional stresses
were computed frame by frame . The maximal pressure/
volume and both circumferential and meridional maximal
stress/volume ratios were calculated using a single beat
from each loading condition assuming a zero volume-axis
intercept .
Mean left ventricular systolic pressure increased 47%
during the methoxamine infusion and decreased % dur-
ing the nitroprusside infusion compared with control (p <
0.001 for both) . Despite these changes in left ventricular
systolic pressure, heart rate was eliminated as a confound-
ing variable by right atrial pacing; and mean maximal rate
of change of left ventricular pressure [(+)dP/dtmax] and
rate of change at developed pressure 40 mm Hg [(+)(dP/dt)
per DP40] values did not differ significantly . Mean single
The linear relation between end-systolic pressure and vol-
ume has been proposed as a measure of left ventricular
contractile state (1-4) . The load on the myocardial fibers,
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beat maximal pressure/volume ratios also did not differ
significantly among the three loading conditions .
In contrast, mean single beat circumferential and merid-
ional maximal stress/volume ratios were 3.15 ± 1.83 and
1.40 ± 0 .8 g/cm per ml at control ; they increased to 4 .47 ±
.44 and . 1 ± 1, 5
g/cm
per ml during the methoxamine
infusion (p < 0
.001 for both), and they decreased during the
nitroprusside infusion to .58 ± 1 .47 and 1 .14 ± 0 .57 g/cm
per ml (p < 0.05 and p < 0 .01, respectively) . When stepwise
multiple regression analysis was employed to establish the
independent hemodynamic determinants of these single beat
ratios in this patient group, the maximal pressure/volume
ratio was principally related to left ventricular end-systolic
volume and pressure (cumulative r = 0 .86), but not contrac-
tile state, whereas the maximal stress/volume ratios were
related to left ventricular contractile state, systolic pressures
and end-systolic volume (cumulative r = 0 .94 and 0 .95).
It is concluded that the single beat maximal pressure/
volume ratio and both midwall circumferential and merid-
ional maximal stress/volume ratios are variably affected by
left ventricular loading conditions. These ratios, therefore,
should not be used to represent simple load-independent
measures of contractile state in humans .
(.1 Am Coll Cardiol 1989;14:345-53)
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however, is dependent not only on pressure but also on
chamber geometry and wall thickness . Consequently, wall
stress, which incorporates all of these factors, may provide
a more appropriate measure of myocardial fiber loading
conditions than does pressure alone . Both time-varying
chamber elastance
(Emax)
and myocardial fiber elastance are
generated from multiple pressure (stress)-volume data points
obtained over a range of loading conditions to characterize
these relations by both a slope and volume-axis volume . It
has recently been suggested (5) that the maximal pressure/
volume ratio obtained from analysis of a single beat may be
a possible substitute for
Emax
in humans, and several inves-
tigators (6-10) have employed the maximal stress/volume
ratio obtained from analysis of a single beat to evaluate
myocardial contractility in patients with pressure or volume
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overload. Although these ratios may have some usefulness
in patients with chronically altered loading conditions (7,10),
their ability to assess changes in myocardial contractility
after acute alterations in left ventricular loading conditions is
less apparent .
Studies in excised, supported left ventricular and acute
open chest canine preparations have suggested that the
single beat maximal pressure (stress)/volume ratios may be
load dependent ; therefore, they may not be determined by
contractile state, unlike E max and myocardial fiber elastance
(11,1 ) . Despite these animal observations (11,1 ), these
single beat ratios continue to be used in humans to assess left
ventricular contractility . Whether the single beat maximal
pressure (stress)/volume ratios demonstrate a similar depen-
dency on load in humans, which may limit the clinical utility
of this simplified, single beat approach to assessing left
ventricular contractility, is not known . Accordingly, the
purpose of this investigation was to determine whether and
to what extent the slope of the single beat maximal pressure
(stress)/volume ratios may be dependent on loading condi-
tions in humans .
Methods
Study patients. The study group consisted of 16 patients
who were referred for cardiac catheterization to evaluate
atypical chest pain. The data on some of these patients have
been used in other investigations (13,14) . Each patient gave
written informed consent for this investigation on a form
approved by the Human Studies Committees of the Univer-
sity of Michigan and Veterans Administration Medical Cen-
ters, Ann Arbor, Michigan and the University of Texas
Health Science Center, San Antonio, Texas . There were 5
women and 11 men, whose ages ranged from 36 to 56 years
(mean ± SD 45 ± 6) . Each patient had normal findings on
physical examination, electrocardiogram (ECG) and M-
mode echocardiographic study . All medications were dis-
continued 48 h before the cardiac catheterization .
Study protocol . After diagnostic right and left heart cath-
eterization documented rest cardiac pressures, cardiac out-
put and normal coronary anatomy, each patient had micro-
manometer-determined left ventricular pressure recorded
simultaneously with a biplane contrast cineangiogram under
control conditions and during methoxamine and nitroprus-
side infusions with right atrial pacing . The methoxamine
infusion was adjusted to produce an approximately 50 mm
Hg increase and the nitroprusside infusion to produce an
approximately 30 mm Hg decrease in left ventricular systolic
pressure compared with control . The methoxamine infusion
rate ranged from 300 to 1,000 µg/min and the nitroprusside
infusion rate ranged from 35 to 70 µg/min . A steady state
infusion of each vasoactive agent was considered present
when a <10 mm Hg variation in left ventricular systolic
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pressure was observed . This result required 5 to 10 min to
achieve for each vasoactive agent .
Hemodynamics and cineangiography . Bipolar right atrial
pacing was employed in each patient to eliminate changes in
left ventricular contractility mediated by alterations in heart
rate (15) . A precalibrated, micromanometer catheter (VPC-
780C or VPC-684D, Millar Instruments) was placed through
the right femoral artery so that the distal sensor resided in
the left ventricular chamber with the proximal sensor posi-
tioned above the aortic valve . Finally, a pigtail catheter was
inserted through the left femoral artery into the left ventric-
ular chamber . Biplane contrast cineangiograms were per-
formed in the 30° right anterior oblique and 60° left anterior
oblique/ 0° cranial angulations (CGR-Double Angiomax) or
30° right anterior oblique/60° left anterior oblique angulations
(Phillips Optimus-4100) after the injection of 36 ml of
Renografin-76 at 60 frames/s (16.7 ms sampling frequency) .
During each hemodynamic steady state, analog oscillo-
graphic recordings were made simultaneously with the bi-
plane contrast cineangiograms at a 100 mm/s paper speed
with tine frame markers using an Electronics for Medicine
VR-1 or 16 physiologic recorder . Two ECG leads, micro-
manometer left ventricular and ascending aortic pressures
and the first derivative of left ventricular pressure (dP/dt)
were routinely recorded .
Data analysis . One of the first 3 beats after contrast
injection, which did not follow a ventricular ectopic beat,
was used for analysis (16) . The initial frame at the peak of the
R wave was defined as end-diastole . The left ventricular
silhouettes in both angulations were digitized frame by frame
with use of a sonic digitizer (Science Accessories) mounted
on a Vanguard XR-35 cine projector and interfaced to an
IBM PC computer . The long axes were measured in both
projections from the apex to the junction of the aortic and
mitral valve planes. With use of these long axes and the
digitized silhouettes, a modified Simpson's rule algorithm
was used to calculate left ventricular volumes frame by
frame as previously validated in our laboratory (17) . The
corresponding left ventricular pressure signals during con-
trol and steady state infusion of each pharmacologic agent
were hand digitized with use of a Calcomp 9100 inductance
tablet (resolution 0 .0 mm) interfaced to an IBM PC com-
puter at a 00 Hz sampling frequency to obtain instantaneous
left ventricular pressures and the first derivative of left
ventricular pressure (dP/dt) as previously described from
this laboratory (13,14) .
Calculations . The corresponding pressure-volume coor-
dinate points were plotted beginning at the R wave of the
simultaneously recorded ECG to obtain pressure-volume
loops for each of the three loading conditions . The single
beat maximal pressure/volume ratio (maxP/V) was mathe-
matically derived as maxP/V = P/V, where the extrapolated
volume-axis intercept was always assumed to be zero
(11,1 ) . This ratio was calculated for all three loading con-
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ditions in each patient . The time-varying chamber elastance
(En ,,,) was calculated as E m ,,,, = P/(V - Vo), where E,,,,,,,
represents the maximal slope obtained from the linear re-
gression of isochronal, instantaneous pressure-volume data
points from all three loading conditions (13) . These relations
are considered to be a relatively load-independent measure
of left ventricular contractile state (1-3) . Isochronal Eas
calculated in this and other investigations (5,13) is defined
differently and may overestimate that used by Kono et al .
(11) in an excised, supported left ventricular preparation .
Both left ventricular circumferential and meridional
stress were used to quantitate the integrated contribution of
left ventricular pressure, chamber geometry and wall thick-
ness to myocardial fiber loading at the midwall and apex to
base orientations, respectively . Left ventricular end-
diastolic wall thickness was determined from the digitized
average dimension (n = 15) between the epicardial and
endocardial surfaces of the left ventricular anterior free wall
over the middle 1/3 of the long axis in the 30° right anterior
oblique projection (18) . We have demonstrated (19) that left
ventricular mass obtained with this approach correlates (r =
0.91, SEE = 1 g, n = 1 ) with left ventricular weight
determined at necropsy . The wall stress calculations were
based on a frame by frame estimate of left ventricular wall
thickness obtained using the iterative approach developed
by Hugenholtz ( 0) . With use of the corresponding digitized
left ventricular pressures and the directly measured left
ventricular long axes and minor dimensions, left ventricular
wall thicknesses and frame by frame estimates of midwall
circumferential and meridional stress were calculated by a
computer program developed in our laboratory employing
the equations of Gunther and Mirsky ( 1, ) for midwall
circumferential stress Q, = ( Pb/h) (1 - h/ b - b / a ), and
meridional stress
om
= ( Pb/ h) (1 - h/ b) of a thick-walled
ellipsoid of revolution. In these equations, P is the instanta-
neous left ventricular pressure, h is the estimated wall
thickness and a and b are the midwall semimajor and
semiminor axes, respectively . We evaluated both circumfer-
ential and meridional stress/volume ratios because circum-
ferential stress approximates the force acting at the midwall
in the circumferential direction and depends on both the
semimajor and the semiminor axes of the left ventricle,
whereas meridional stress approximates the force acting in
the long-axis direction and depends only on the semiminor
axis of the left ventricle . The latter is frequently used for
noninvasive determinations of left ventricular wall stress .
The corresponding stress-volume coordinate points were
plotted to obtain both midwall circumferential (o c ) and
meridional (°m ) stress-volume loops for each of the three
loading conditions. The single beat maximal stress/volume
ratios (max S/V) were mathematically derived as max S/V =
o/V, where o, is either o c or 0m and the extrapolated
volume-axis intercept was always assumed to be zero . A
representative patient example of circumferential and merid-
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Figure 1. Patient 10 . A, Left ventricular midwall circumferential
stress-volume loops for the control condition (solid squares) and the
methoxamine (plus signs) and nitroprusside (open diamonds) infu-
sions are shown for a representative patient . Also, the maximal
stress-volume point is indicated and their corresponding single beat
maximal stress/volume ratio slopes are drawn to the zero volume-
axis intercept . B, Stress-volume loops, maximal stress-volume
points and the single beat maximal stress/volume ratio slopes
obtained with use of meridional stress are indicated in a similar
fashion .
ional stress-volume loops and their maximal stress/volume
ratios appear in Figure 1 . The circumferential and meridional
stress-volume relations (Ec and Em) were calculated as E, or
Em = o,/(V - Vo), where o, is either o c or or,, and Ec and Em
represent the maximal slopes of the linear regression of
isochronal, instantaneous stress-volume data points from all
three loading conditions (Fig . ) . These relations approxi-
mate a load-independent measure of myocardial fiber
elastance (1 ) .
Plasma catecholamines . To evaluate the potential effects
of reflex sympathetic nervous system activation on heart
rate and left ventricular contractility during pharmacologi-
cally induced hypotension, plasma catecholamines were
measured in duplicate under control conditions and during
steady state nitroprusside infusions by high pressure liquid
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Figure . Same patient . A, The isochronal circumferential stress-
volume relations . Myocardial fiber elastance, volume-axis intercept
(V0)
and correlation coefficient (r) for the slope are shown . B, In a
similar fashion, myocardial fiber elastance obtained with use of
meridional stress is illustrated .
chromatography (Waters Associates) in two additional pa-
tients without cardiac disease at cardiac catheterization
. The
minimal sensitivity of this system in our laboratory is 5
pg/injection, and the interassay variability is 7 .
± 0.3% .
Statistical analysis . The data are presented as the mean
values ± SD
. Intrapatient comparisons were made by a
repeat measures analysis of variance
. When a significant F
statistic was obtained, t
tests with a Bonferroni correction
were used to identify differences
. Several hemodynamic
variables and the single beat maximal pressure (stress)/
volume ratios from all 16 patients were compared to estab-
lish where relations might exist . The hemodynamic variables
used in these analyses were heart rate, end-systolic volume
defined as minimal ventricular volume, left ventricular end-
diastolic pressure, peak systolic pressure, and end-systolic
pressure, defined as the pressure at minimal ventricular
volume, and the left ventricular chamber or myocardial fiber
elastance slope values . Because these hemodynamic varia-
bles may not be independent of each other, correlation
matrixes to obtain partial correlation coefficients and multi-
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pie regression analyses, which weigh for the potential inter-
action between these hemodynamic variables, were used to
establish whether these hemodynamic variables were inde-
pendent determinants of the single beat maximal pressure
(stress)/volume ratios in these patients (MIDIS, University
of Michigan, Ann Arbor, MI, 1976) .
Results
Hemodynamics (Table 1) . The mean heart rates during
the three loading conditions did not differ because of the
right atrial pacing. In contrast, by study design, left ventric-
ular peak pressure increased to 178 ± 6 mm Hg (47%)
during methoxamine infusion (p < 0 .001) and decreased to
94 ± 11 mm Hg ( %) during nitroprusside infusion (p <
0.001) compared with the control value of 1 1 ± 19 mm Hg .
The methoxamine infusion also increased left ventricular
end-diastolic pressure by 61% ( 1 ± 9 mm Hg, p < 0 .01),
whereas nitroprusside decreased it by 15% (11 ± 8 mm Hg, p
NS) compared with the control value (13 ± 7 mm Hg) .
Despite these significant alterations in left ventricular pres-
sures, the maximal rate of change of left ventricular pressure
[(+)dP/dtmax] (1,198 ± 344, 1,419 ± 431 and 1,014 ± 3
7 mm
Hg/s) and rate of change of pressure at developed pressure 40
mm Hg [(+)dP/dt/DP40] (1,014 ± 3 7, 996 ± 34 and 1,101 ±
348 mm Hg/s) did not differ among the control, methoxamine
and nitroprusside loading conditions, respectively .
The mean left ventricular end-diastolic volumes (14 ±
47, 147 ± 41 and 119 ± 39 ml) did not differ among the
control, methoxamine and nitroprusside loading conditions,
respectively. In contrast, the average left ventricular end-
systolic volume increased from the control value of 41 ± 17
to 54 ± 18 ml during methoxamine infusion (p < 0
.001), and
it decreased during nitroprusside infusion to 3 ± 17 ml (p <
0.001)
. The average left ventricular ejection fraction values
moved in reciprocal directions . The methoxamine infusion
decreased left ventricular ejection fraction by 10% (63 ± 7%,
p < 0
.001), and the nitroprusside infusion increased it by 6%
(74 ± 9%, p < 0 .05) compared with control (70 ± 7%) .
Intrapatient comparisons of the single beat maximal pres-
sure (stress)/volume ratios (Table )
. The average maximal
pressure/volume ratios did not differ between the control
condition and the methoxamine and nitroprusside infusions
.
This result was due to the variability in the response of the
individual maximal pressure/volume ratios to the alterations
in loading conditions . In contrast, the average circumferen-
tial maximal stress/volume ratio demonstrated an increase
during methoxamine infusion averaging 4 % (p < 0
.001) and
a decrease during nitroprusside infusion averaging 18% (p <
0
.05) compared with control (Fig . 3) . Similarly, the average
meridional maximal stress/volume ratio increased during
methoxamine infusion by 58% (p < 0
.001), and decreased
during nitroprusside infusion by 18% (p < 0
.01) compared
with the control value (Fig . 3) .
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Table 1 . Baseline Hemodynamic Data in 16 Patients
(+)dP/dt per DP40 = rate of change of pressure at developed pressure 40 mm Hg ; (+)dP/dtmax = maximal rate of change of left ventricular pressure ;
Emas
= chamber elastance ; E c = myocardial fiber elastance determined with use of circumferential stress : Em = myocardial fiber elastance determined with use of
meridonal stress : HR = heart rate : LV mass I = left ventricular mass index : LVEDP = left ventricular end-diastolic pressure : LVEF = left ventricular ejection
fraction ; LVP = left ventricular peak pressure ; PWth = left ventricular posterior wall thickness .
The mean control single beat maximal pressure/volume meridional maximal stress/volume ratios of 3 .15 + 1 .83 and
ratio of 3 .16 ± 1 .78 mm Hg/ml underestimated the average 1.40 + 0.8 g/cm per ml also underestimated their average
left ventricular chamber elastance
(Emax)
by 39% (p < myocardial fiber elastance (E, and Em ) by 64% and 67%,
0.001). The mean control single beat circumferential and
	
respectively (p < 0.001 for both) .
Table . Maximal Single Point Pressure (Stress)/Volume Ratios in 16 Patients
*p < 0 .05, +p < 0 .01, fp < 0.001 vs . control : §Methox = methoxamine infusion
: 11Nitro = nitroprusside infusion .
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Patient
No .
HR
(beats/min)
LVP
(mm Hg)
LVEDP
(mm Hg)
(+)dP/dtmax
(mm Hg/s)
(+)dP/dt per DP40
(mm Hg/s)
LVEF
(%)
PWth
(cm)
LV
mass
I
(g/M
)
(mm Hg/ml)
E,
(g/cm
per trill
E,,,
(g/cm'
per trill
1 75
1 5 13 1 .071 870 59 0 .94 1 0 4 .4 6 .7
3 . 3
91
97 14 916 910 7 0 .96 63 6 .73 10 .59 5 . 0
3 75 131 11 1 .713 1,541 71 0 .88 91 5 .48
10 . 8 6
.54
4 81 8 5 79 77 67 1 . 1 108 4 .0 4 .07 1 .86
5 79 161
18 1,31 1,045 68 0 .64 5 6 . 1 .77 6 .66
6 74 105 11 848 68 61 1 .06 11 4 .68
6 . 1 3
.03
7 80 111 1 1,573 1 .1 9 86 0 .91 100 4 .06 4 .69 .43
8 6 115 4 8 6 644 77
0 .66
44
6 .39 13 . 5 5 .53
9 6 13 14 835 666 56 0 .78 69 5 .68 1 .1 5 .57
10
60
117 19 1,044
797
77 0 .76 86 4 .8 6 .68 3 .30
11 7 1 3 18 1,494 1, 33 74 0 .89 97 4 .40 5 .09 .63
1 80 105 16 885 816 7 1 .00 98 5 .11 7 .8 3 .74
13 85 146 4 1 .398 1 . 3 67 0 .59 4 6 .45 18 .89 9 .46
14 75 13 1,383 1 .3 7 1 .31 45 3 .38 .87 1 .40
15 89 1 1 0 1 . 34 8 1 69 0 .76 47 6 .66 8 .57 3 .53
16 75 131 4 1 .847 1,750 79 1.0 84 4 . 0 5 .50 .76
Mean ± 76 1 1 13 1,198 1 .014 70 0 .89 85 5 .17 8 .51 4 .18
SD ± 9 ± 19 ± 7 ± 344 ± 3 7 ± 7 ± 0 .18 ± 30 * 1 .08 ± 4 . 3 .14
Pressure/Volume Ratios (mm Hg/ml)
Circumferential Stress/Volume Ratios
(g/cm
per ml)
Meridional Stress/Volume Ratios
(g/cm per ml)
Patient No . Control Methox§ Nitro' Control Methox
Nitro Control Methox Nitro
1 1 .44
1 .99 1 . 6 .01 .89 1 .61 0 .94 1 .36 0 .74
3 .66 4 .33 3 .87 .83 5 .68
.45 1 .
3
.74 1.10
3 .18 .93
.79 .61 4 .39 .78 1 .13 .0 1 .15
4 1 .88 . 7 1 .97 1 .17 1 .95 1 .14 0 .53
0 .86 0 .44
5 4 .63 4 .89 5 .31 6.63
8 .45 5 .10 3 .11 4 .13 .05
6 1
.77 .09 1 .6 1 .78 .67 1 .55 0 .81 1 .30 0 .69
7 3 .18 3 .10 .69 .11 3 .18 1
.67 0 .83 1 .53 0 .69
8 4 .03 4.60
5 . 3 3 .87 6 .84 3 .87 1 .64 3 .41 1
.68
9 1 .8 . 9 1 .35 .74 4 .16 1
.85 1 .45 .49 1 .85
10 . 3 .76
.35 .46 3 .39 1 .73 1.1 1 .63 0.84
11 .08
.50 .10 .0 .5 1 .59 0 .97
1 . 8 0 .73
1 1 .98 .54 1 .78 1 .79
1 .94 1 .09 0 .77 0 .85 0 .45
13 3 .93 4 .84 3 .37 6 .50 9 .38 3 .5
3 .1 4 .94 1 .59
14 .01 .13 .00 1
.47 1 .99 1 . 5 0 .65 0 .96 0 .55
15
7 .95 6 .9 10 .70 6 .31 7 .79 5
.48 .38 3 .68 1 .81
16 5 .90 3 .65
8 .49 4 .14 4 . 4 .58 1 .73
.15 1 .8
Mean ± 3 .16 3 .36 3 .56 3 .15
4 .47 .58* 1 .40 . 1$ 1 .14
SD ± 1 .78 1 .40
± .69 ± 1 .83 .44 ± 1 .47 ± (1 .8
1 .
5
± 0 .57
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Abbreviations as in Table 1 .
Figure 3. The mean single beat circumferential maximal stress/
volume ratios (left panel) and meridional maximal stress/volume
ratios (right panel) in 16 patients under control (CONT) conditions
and during the methoxamine (METHOX) and nitroprusside
(NITRO) infusions are shown. Significant differences are indicated .
Interpatient comparisons of hemodynamics and the single
beat maximal pressure (stress)/volume ratios. The control
single beat maximal pressure/volume and midwall circumfer-
ential and meridional maximal stress/volume ratios corre-
lated with several hemodynamic variables in these patients .
The maximal pressure/volume ratios correlated inversely
with their corresponding left ventricular end-systolic vol-
umes (r = -0 .7 , p = 0 .01), but demonstrated no relation
with either heart rate, left ventricular peak systolic, end-
systolic or end-diastolic pressures or chamber elastance . In
contrast, the
Emax
slope values demonstrated no relation
with their corresponding left ventricular pressures or end-
systolic volumes .
The control single beat circumferential and meridional
maximal stress/volume ratios both correlated with their
corresponding E c and Em slope values (r = 0 .70 and 0.8 ,
respectively, p <- 0.01 for both) . The circumferential stress/
volume ratios also correlated with their corresponding left
ventricular peak systolic pressures (r = 0 .65, p < 0 .05),
whereas the meridional stress/volume ratios correlated with
their corresponding left ventricular end-systolic pressures
(r = 0.75, p < 0 .01) . Moreover, both the circumferential and
meridional stress/volume ratios demonstrated an inverse
Table 3. Plasma Catecholamines and Hemodynamics During Steady State Nitroprusside Infusion in Two Additional Patients
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correlation with their corresponding left ventricular end-
systolic volumes (r = -0 .70 and -0 .6 , p = 0 .01 and p <
0.05, respectively) . In contrast, the E, and E m slope values
demonstrated no relation with their corresponding left ven-
tricular pressures or end-systolic volumes .
To establish which of these hemodynamic variables were
independent determinants of the single beat maximal pres-
sure/volume and both circumferential and meridional maxi-
mal stress/volume ratios, multiple regression analysis was
performed. This analysis demonstrated that the maximal
pressure/volume ratios were determined by their corre-
sponding left ventricular end-systolic volumes and pressures
(cumulative r = 0 .86) . There was no additive predictive
power obtained from left ventricular chamber elastance, left
ventricular end-diastolic and peak systolic pressures or heart
rate. This analysis also demonstrated that, for the circum-
ferential maximal stress/volume ratios, myocardial fiber
elastance entered first and was followed by left ventricular
systolic pressures and end-systolic volumes (cumulative r =
0.94) . Similarly, for the meridional maximal stress/volume
ratios, myocardial fiber elastance entered first and was
followed by left ventricular end-systolic pressures and vol-
umes (cumulative r = 0.95) .
Catecholamine data (Table 3). To quantitate the effects of
reflex-mediated sympathetic nervous system activation on
cardiac chronotropic and inotropic state, heart rate, micro-
manometer left ventricular pressures and plasma catechol-
amines were measured at control and during a steady state
nitroprusside infusion in two additional patients without
cardiac disease . Despite a two- to threefold increase in
plasma norepinephrine and epinephrine produced by a 30%
to 60% decrease in left ventricular systolic pressure, no
change in left ventricular rate of change of pressure at
developed pressure 40 mm Hg [(+)dP/dt/DP40] was ob-
served when heart rate was either not affected (Patient 17) or
reflexly increased by 4% from control (Patient 18) .
Discussion
Present investigation . The principal observation made in
this investigation is that the maximal pressure/volume and
both midwall circumferential and meridional stress/volume
HR
(beats/min)
LVP
(mm Hg)
LVEDP
(mm Hg)
(+)dP/dt/DP40
(mm Hg/s)
Norepinephrine
(pg/ml)
Epinephrine
(pg/ml)
Patient 17
Control
63 163 1 1138
168 6
Nitroprusside 65 101
11 5 3 7 45
Patient 18
Control 68 147 0 1060
110 41
Nitroprusside 84 113
9 1080 317 110
JACC Vol . 14, No
.
August 1989 :345-53
ratios calculated from a single beat are variably affected by
left ventricular loading conditions in humans . Although the
single beat maximal pressure/volume ratios demonstrated no
significant change with acute alterations in left ventricular
loading conditions because of the variable response of this
measurement within a given patient, the maximal pressure/
volume ratios were, by multiple regression analysis, inde-
pendently determined by both left ventricular end-systolic
volumes and pressures but not by chamber elastance . In
contrast, a methoxamine infusion systematically increased
the single beat maximal stress/volume ratios, whereas an
infusion of nitroprusside resulted in a reduction in these
ratios . In addition, the circumferential and meridional max-
imal stress/volume ratios demonstrated significant correla-
tions with their corresponding myocardial fiber elastance
slope values (Ec and Em), left ventricular systolic pressures
and left ventricular end-systolic volumes . Moreover, multi-
ple regression analysis demonstrated these hemodynamic
variables to be independent determinants of the maximal
stress/volume ratios
. The single beat maximal pressure/
volume and both circumferential and meridional maximal
stress/volume ratios, therefore, are dependent on left ven-
tricular systolic pressures and end-systolic volumes in addi-
tion to contractile state, whereas left ventricular chamber
and myocardial fiber elastance
(Emax,
Ec and Em) are not
related to left ventricular systolic pressures or end-systolic
volumes .
Left ventricular chamber elastance . Estimation of con-
tractile state in chronic pressure or volume overload is
difficult using isovolumic or ejection phase indexes because
they are variably affected by changes in loading conditions
( 3- 5). Consequently, a load-independent measure of con-
tractile state, which may be applied clinically, has impor-
tance for establishing the effects of chronic pressure or
volume overload on contractility independent of loading
conditions
. Left ventricular chamber elastance (E,,,,,,) has
been shown to be independent of preload, and afterload is
incorporated into the calculation (3) . A positive inotropic
intervention produces an increase in the
Emax
slope value
with no change in the extrapolated volume-axis intercept (3) .
As a result of these observations, this relation has stimulated
extensive clinical interest (13, 6-30) . However, the calcula-
tion of
Emax
slope values, or a facsimile, requires repeat
invasive or noninvasive left ventricular pressure and volume
determinations over a range of loading conditions to charac-
terize these relations by both a slope and volume-axis
intercept (1-5,13, 6-30)
. This procedure is sometimes diffi-
cult in patients who already have impaired hemodynamics,
such as those with aortic stenosis or mitral regurgitation .
Single beat maximal pressure (stress)/volume ratios. Some
investigators (5-10),
therefore, have attempted to evaluate
left ventricular contractile state using maximal pressure
(stress)/volume ratios obtained from analysis of a single beat
under basal conditions . The assumptions that are inherent in
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this approach are that these ratios are determined by con-
tractile state and that they are not independently altered by
loading conditions within the same patient or between pa-
tients
. In support of these assumptions, McKay et al. (5)
showed, using radionuclide angiography, that the single beat
maximal pressure/volume ratios correlate with
Emax
slope
values, relatively load-independent estimates of left ventric-
ular chamber elastance . In contrast, the single beat maximal
pressure/volume ratios were shown by Kono et al . (11), in an
excised, supported left ventricular preparation, to be depen-
dent on loading conditions . Moreover, they reported that the
average maximal pressure/volume ratio consistently under-
estimated the mean end-systolic pressure-volume slope
value, probably because the importance of the volume-axis
intercept was ignored. Our present data in humans, obtained
with biplane contrast cineangiography, support these obser-
vations . In addition, we observed, using multiple regression
analysis, that the single beat maximal pressure/volume ratios
correlate only with their corresponding left ventricular end-
systolic pressures and volumes . Therefore, these data sug-
gest that in animals and humans the single beat maximal
pressure/volume ratios are principally determined by left
ventricular loading conditions rather than left ventricular
contractile state .
Wisenbaugh et al . (1 ) demonstrated in an acute open
chest canine preparation that the single beat maximal stress/
volume ratio was also sensitive to an increase in loading
conditions. Their data, therefore, suggest that an increase in
chamber loading conditions might increase the slope of the
maximal stress/volume ratio despite no significant change in
left ventricular contractile state . These authors (1 ) also
reported that the maximal stress/volume ratio may be in-
creased by an augmentation in contractile state. Our data in
humans suggest that both the single beat circumferential and
meridional maximal stress/volume ratios are dependent on
loading conditions and left ventricular contractile state. An
increase in left ventricular systolic pressure will increase the
slope of the circumferential and meridional stress/volume
ratios, whereas a reduction in left ventricular pressure will
reduce the slope of these ratios . Moreover, these ratios are
also dependent on end-systolic volume, which suggests the
possibility that a patient may be considered to have an
abnormally low stress/volume ratio due to an increase in left
ventricular volume, without a significant reduction in left
ventricular contractile state, when these single beat ratios
are used . Previous observations (6-10) concerning left ven-
tricular contractile state obtained with the use of single beat
maximal pressure/volume or stress/volume ratios, therefore,
may reflect in some patients changes in left ventricular
volumes due to chronic alterations in loading conditions,
rather than a reduction in left ventricular contractile state .
Possible limitations of the study . The potential limitations
of the present investigation must be considered . First, the
approach employed to calculate biplane contrast cineangio-
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graphic left ventricular volumes throughout the cardiac cycle
has been previously validated in our laboratory (17) . It uses
a three-dimensionally reconstructed modified Simpson's rule
algorithm that has been shown to have a SEE of only 7 ml .
This approach is an inherently more precise method for
quantitating left ventricular volumes than is single plane
cineangiography. Ventricular volume determinations using
biplane cineventriculography and a Simpson's rule algorithm
should provide accurate approximations of left ventricular
volumes with minimal assumptions regarding the uniformity
of geometric shape throughout the cardiac cycle .
Second, we did not directly measure left ventricular wall
thickness throughout the cardiac cycle . Instead, wall thick-
ness was estimated with use of the iterative approach
previously described by Hugenholtz et al . ( 0) . In patients
who have measurements of left ventricular wall thickness
made throughout the cardiac cycle, this technique has been
shown to provide a relatively accurate approximation of left
ventricular wall thickness, and it avoids attempting to mea-
sure wall thickness at end-systole when trabeculations may
affect the accuracy of this measurement . Moreover, using
the left ventricular end-diastolic wall thickness from the 30°
right anterior oblique cineangiographic projection (18), we
have obtained accurate determinations of left ventricular
mass (19), which further supports utilization of this ap-
proach. Therefore, the assumptions regarding left ventricu-
lar volume and wall thickness made in our patients are
probably reasonable .
Third, we employed pharmacologic interventions to alter
left ventricular loading conditions . In our patients with normal
left ventricular size and performance and no evidence of
cardiac disease, these changes in left ventricular loading
conditions probably stimulated reflex changes in sympathetic
nervous system activity . Importantly, the possible effects of
reflex changes in heart rate on left ventricular contractility
were obviated by right atrial pacing, and there was no
significant effect on either (+)dP/dtmax or (+)dP/dt/DP40
over the range of left ventricular loading conditions produced
in this investigation. Moreover, although we demonstrated in
two additional patients that plasma catecholamines were
modestly affected by these changes in left ventricular systolic
pressures, these alterations in loading conditions produced no
measurable effect on basal contractile state as assessed using
(+)dP/dt/DP40. Prior data from conscious, preinstrumented
dogs (31,3 ) suggest that substantially greater elevations in
plasma catecholamines must occur before significant changes
in myocardial contractility are detectable when reflex changes
in heart rate are prevented .
Fourth, multiple regression analyses with use of variables
calculated one from the other should improve the correla-
tions observed between these variables as higher order
calculations are performed . This result was clearly the case
for the single beat maximal pressure/volume and the midwall
circumferential and meridional maximal stress/volume ra-
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tios ; however, this was not apparent for the
Emax,
Ec and Em
slope values. Consequently, the pressure (stress)-volume
slope values generated from multiple pressure (stress)-
volume data points are relatively independent of basal left
ventricular systolic pressure and end-systolic volume, a
factor that further emphasizes their superiority over these
single beat ratios as relatively load-independent measures of
left ventricular contractile state in humans . It is also clear
from these data that the theoretic and practical importance
of the volume-axis intercept cannot be ignored in the assess-
ment of left ventricular contractility .
Finally, despite the superiority of the elastance measures
over the single beat pressure (stress)/volume ratios for
measuring left ventricular contractility, several factors may
variably affect the elastance calculations . It is clear that
elastance measures are inversely related to heart size in
animals (33) and in patients with normal left ventricular size
and performance (13) . Moreover, potential methods for
standardizing elastance measures to minimize this influence
have been proposed (33-38) . The elastance measures may
also be curvilinear (39-41), but this possibility has yet to be
demonstrated in humans . Nevertheless, these issues must be
addressed in humans if the elastance concept is to be
considered for clinical application .
Conclusions . The maximal (stress)/volume ratios mea-
sured from a single left ventricular beat are variably affected
by left ventricular loading conditions . Consequently, this
observation in humans, which extends the observations in
various canine preparations (11,1 ), demonstrates the prac-
tical limitation of this index as a measure of left ventricular
contractility . Because these single beat ratios are also inde-
pendently affected by both left ventricular systolic pressures
and end-systolic volumes, they should not be considered to
be an independent measure of left ventricular contractility in
humans . Therefore, if the time-varying elastance approach is
used to assess left ventricular contractility in humans, both a
slope and volume-axis intercept obtained from the linear
regression of multiple pressure (stress)-volume data points
should be employed .
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